2R subunits and resulting in the proliferation of either T reg or T eff cells 9-10 . For example, 57 wild-type mouse IL-2 (mIL-2) can be administered in complex with an anti-mouse IL-2 58 monoclonal antibody (JES6-1) and used to preferentially induce T reg cell proliferation 12 . 59 Subsequent work has validated therapeutic applications of the JES6-1 immunocomplex, 60 which promotes graft tolerance 17-18 and has shown efficacy in preclinical models of 61 diabetes [19][20] . This strategy has been validated for human IL-2 through the discovery of 62 T reg -biased antibodies that appear to work by a similar allosteric mechanism 11 . Thus, the 63 conformational states of IL-2 can be selectively induced to achieve cell-type and receptor 64 selectivity, but more detailed insight is needed into the IL-2 conformational transitions. 65 66 Focusing on mouse IL-2 as a model system, our team recently determined the X-ray 67 structure of the mIL-2/JES6-1 complex to elucidate the mechanistic basis for its selective 68 stimulation of T reg over effector cells 10 . JES6-1 sterically blocks interactions with the IL-69 2Rβ and γc subunits leading to a reduction of signaling effects on IL-2Rα Low effector 70 cells. JES6-1 undergoes allosteric exchange with the IL-2Rα subunit, where surface-71 expressed IL-2Rα displaces the JES6-1 antibody and releases the cytokine to signal 72 through the high-affinity heterotrimeric receptor on IL-2Rα High T reg cells ( Fig. 1b) . Of 73 particular relevance is the mobility of the AB loop, which has been shown to undergo a 74 large conformational change upon JES6-1 binding. The AB loop is the main binding site 75 for IL-2Rα and crystallographic studies 10 demonstrated that key residues in the IL-2 AB 76 loop engage the JES6-1 antibody and the IL-2Rα subunit in distinct orientations. 77 Therefore, JES6-1 and IL-2Rα binding are mutually exclusive, leading to bidirectional 78 exchange. Molecular dynamics simulations have suggested a significant conformational 79 rearrangement in the AB and BC loops characterizing the transition from JES6-1-bound 80 to IL-2Rα-bound states 15 . Despite the importance of IL-2 in T cell differentiation and 81 homeostasis, a detailed biophysical characterization of its dynamic properties remains 82 elusive. 83
*email: nsgourak@ucsc.edu 19 20 SUMMARY 21
Interleukin-2 (IL-2) is a small α-helical cytokine that regulates immune cell homeostasis 22 through its recruitment to a high-affinity heterotrimeric receptor complex (IL-2Rα/IL-23 2Rβ/γ c ). IL-2 has been shown to have therapeutic efficacy for immune diseases by 24 preferentially expanding distinct T-cell compartments, and several T reg -biasing anti-IL-2 25
antibodies have been developed for combination therapies. The conformational plasticity 26 of IL-2 plays an important role in its biological actions by modulating the strength of 27 receptor and drug interactions. Through a NMR analysis of milliseconds-timescale 28 dynamics of free mIL-2 we identify a global transition to an auto-inhibitory conformation 29 controlled by an α-helical capping "switch". Binding to either an anti-mouse IL-2 mAb or 30 a small molecule inhibitor near the AB loop induces changes in dynamics at the core of 31 the structure, and perturbations of the capping hydrogen-bond network abrogate Ab 32 binding by destabilizing the auto-inhibitory conformation. Our results highlight a 33 paradigm for designing precision therapeutics targeting a continuum of IL-2 34 conformational states. 35 36
INTRODUCTON 37
Interleukin-2 (IL-2) is a type I α-helical cytokine that functions as a multi-lineage 38 lymphocyte growth factor 1-2 . IL-2 signals through a high-affinity (10 pM) heterotrimeric 39 receptor complex, consisting of the IL-2Rα (also called CD25), IL-2Rβ (CD122), and γc 40 (CD132) chains, and the intermediate-affinity (1 nM) heterodimeric receptor complex, 41 consisting of the IL-2Rβ and γc chains ( Fig. 1a) [1] [2] [3] . The IL2-Rα subunit is constitutively 42 expressed in high levels on regulatory T cells (T reg ) and at lower levels on natural killer 43 (NK) cells and resting effector CD8+ T cells, resulting in differential IL-2 potency 44 between different immune cell compartments [4] [5] . From a clinical perspective, both IL-2 45 agonism and antagonism is of considerable importance and it has been used for more than 46 three decades towards immunotherapies of malignancies. 47
48
The known plasticity of IL-2 has been an important parameter in the generation of small 49 molecules that bind to IL-2 and block signaling 6-7 , engineering 'super-agonist' mutant 50 versions of IL-2 with high affinity for IL-2Rβ 8 , and isolation of antibodies that bind to 51 IL-2 resulting in biasing its actions to different immune cell subsets [9] [10] [11] . Indeed, many 52 efforts have partially focused in to improve its therapeutic potential by manipulating its 53 ability to selectively target specific cell types 8, [11] [12] [13] [14] [15] [16] . In one approach, monoclonal 54 antibodies against IL-2 can alter its properties by binding to a number of distinct 55 conformational epitopes, thereby modifying the interactions of IL-2 with any of the IL-56
RESULTS

99
Long-range effects on mIL-2 core dynamics upon recognition of its binding partners 100 Due to their hydrophobic character, methyl groups are well-suited NMR probes for 101 monitoring the dynamics of the structural core of proteins [21] [22] . Methyl chemical shifts 102 report on sidechain rotameric state, packing and are less influenced by the molecular size 103 of the system under investigation because of their favorable relaxation properties 23 . To 104 gain insight into conformational changes on mIL-2 induced by its binding partners, we 105 prepared selective 1 H/ 13 C MILV (Met, Ile, Leu and Val)-methyl labelled samples on a 106 uniform 12 C, perdeuterated background. We obtained NMR assignments of mIL-2 107 backbone and methyl groups using a combination of TROSY-based triple-resonance and 108 3D out-and-back HMCM[CG]CBCA sidechain transfer experiments. Under the 109 conditions of our NMR experiments mIL-2 is strictly monomeric, as characterized by 110 size exclusion chromatography coupled to multi-angle laser light scattering (SEC-MALS) 111 (Extended Data Fig. 1) . To obtain stereospecific resonance assignments of methyl 112 groups, and to reduce spectral overlap observed in the free mIL-2 methyl spectrum, 113 which is typical of α-helical proteins, we also prepared a selectively Iδ 1 -13 C 1 H 3 , proS 114 L,V-13 C 1 H 3 -labeled protein sample 24 . This approach allowed us to obtain unambiguous 115 sidechain resonance assignments of Met ε 1 , Ile δ 1 , Leu δ 1 /δ 2 and Val γ 1 /γ 2 (60 methyl 116 groups in total) (Extended Data Fig. 1) , distributed throughout the structure, enabling us 117 to comprehensively map the cytokine's surface and hydrophobic core in the IL-2Rα and 118 JES6-1-bound states. Figure 1c Assembly of the quaternary complex is thought to occur sequentially, with IL-2 first engaging IL-147 2Rα with a dissociation constant (K d ) of ~10 -8 M, which increases its affinity for the IL-2Rβ 148 subunit, and finally recruiting the γc subunit to lock down the high-affinity quaternary complex 149 (K d of ~10 -11 M). (b) Schematic of the proposed mechanism for mIL-2/JES6-1 immunocomplex-150 mediated selective proliferation of regulatory T (T reg ) cells. The JES6-1 Ab (shown as blue scFv) 151 sterically blocks mIL-2 interaction with IL-2Rβ and γc subunits, preventing signaling of IL-152 2Rα low effector cells (right). However, an exchange mechanism between JES6-1 and the IL-2Rα 153 subunit allows a preferential release of mIL-2 for exclusive signaling on IL-2Rα high T reg cells, 154 biasing toward an immunosuppressive response (left). (c) Overlay of 1 H, 13 processes in biomolecules 27 , CEST is sensitive to timescales ranging from ~50 to 500 s -1 , 193 whereas CPMG on the order of 100 to 3000 s -1 . As a result, CEST experiments are 194 typically recorded at a reduced temperature (4-10 °C), in order to slow the exchange to a 195 measurable rate. 196
197
Due to poor quality of the amide spectra of free mIL-2, we turned to methyl spectra as a 198 readout in both CPMG and CEST experiments. Conformational exchange was observed 199 for the resonances of several methyl groups distributed throughout the mIL-2 structure, as 200 illustrated by representative residues on the B helix (L80δ 2 ), C helix (I101δ 1 ) and D helix 201 (L133δ 1 ) ( Fig. 2a) . The resonances of 20 methyls exhibiting well-defined CPMG 202 dispersion curves (Extended Data Fig. 3a , Extended Table 1 ) were used in a 203 quantitative analysis. The remaining mIL-2 resonances exhibited low S/N dispersion 204 curves (at 18.8 T magnetic field) or high spectral overlap. Dispersion curves were fitted 205 globally using a two-site exchange model, yielding a k ex of 1,241 ± 72 s -1 and an excited 206 state population of 6.0 ± 0.4%. Additionally, 13 C-CEST profiles for the same residues 207 (L80δ 2 , I101δ 1 and L133δ 1 ) revealed significant dips in the 13 C dimension, characteristic 208 of an excited state ( Fig. 2b and Extended Data Fig. 4) . To quantify the extent of 209 structural adaptations upon formation of the excited state for each methyl site 210 participating in the exchange process, we extracted values of the corresponding 13 C 211 chemical shift changes, |Δω|, from independent fits of the CPMG relaxation dispersion 212 and CEST data sets. We observe good correlation between the resulting |Δω| values, 213 suggesting that the two methods are likely reporting on a similar exchange process, with 214 the caveat that the CEST data were recorded at a lower temperature ( Fig. 2c) . 215 
246
Methyl groups exhibiting CPMG dispersion curves are plotted on the homology-based 247 model of free mIL-2 in Fig. 2d , and color-coded according to the magnitude of the fitted 248 |Δω| values, which reports on differences in the local magnetic environment between the 249 major and minor conformations. Large |Δω| values were observed for methyls at the AB 250 loop (L48δ 1 , L54δ 1 ), in addition to the C-terminus of the B helix facing towards the loop 251 (L80δ 2 , V83γ 1 , L84δ 1 ) and throughout the hydrophobic core of the structure (I101δ 1 , 252 V130γ 2 , L133δ 1 and I137δ 1 ). Thus, our CPMG data suggest that free mIL-2 samples a 253 global, cooperative transition to an excited state, which involves a conformational 254 "switch" of the AB loop, coupled to a cooperative repacking of core sidechains ( Fig. 2e) . 255
Notably, a pronounced structural change relative to the free form can be observed in the 256 X-ray structure of JES6-1-bound mIL-2 10 , in which the AB loop (residues Y45-T55) 257 undergoes a ~38º rigid-body rotation to adopt a conformation that is optimal for 258 interactions with the antibody surface. Taken together, conformational plasticity of the 259 AB loop is a key component of the solution dynamics of free mIL-2, relevant for the 260 formation of a high-affinity immunomodulatory complex. 261
262
To characterize the major conformation sampled by the AB loop in solution, we analyzed 263 methyl NOE intensities recorded in a 3D C M -C M H M SOFAST NOESY experiment ( Fig.  264 2f), relative to the corresponding distances observed in i) a model of free mIL-2 built 265 using the human IL-2 apo-structure as a template, (PDB ID 1M47) ii) the co-crystal 266 structure of mIL-2 in complex with the JES6-1 Ab (PDB ID 4YQX) and iii) a model of 267 mIL-2 build using the human IL-2/IL-2Rα receptor complex structure as a template (PDB 268 ID 2B5I). Consistently with the models of mIL-2 in the apo and IL-2Rα receptor-bound 269 states, we find that the network of observed NOEs connecting the methyl groups of M42, 270 M53, L54, L80, V83 and V129 located at the vicinity of the AB loop, (Fig. 2g, black  271 dotted lines) is consistent with a "closed", well-packed conformation where the 272 sidechains of M53 and L54 are making hydrophobic contacts with residues at the 273 hydrophobic core defined by the amphipathic A and B α-helices. This is evident from the 274 observation of several unambiguously assigned short-range (5 Å upper limit) NOEs 275 between the corresponding methyl groups (Fig. 2d, f and g) . On the contrary, in the 276 antibody-bound mIL-2 structure the AB loop is found in an "open" conformation, with 277 the methyl groups of M53 and L54 oriented towards the solvent at distances from the 278 core methyls (13 Å), well beyond the NOE detection limit of 10 Å ( Fig. 2g and  279 Extended Table 2 ). Thus, our NOE data provide strong evidence that the major state of 280 free mIL-2 has a closed AB loop conformation, similar to the X-ray structure of human 281 IL-2 in either the free form or in the complex with IL-2Rα. in free mIL-2 ( Fig. 2d) with those perturbed upon formation of the IL-2Rα-and JES6-1-291 bound states ( Fig. 1d, e ) showed a significant overlap, both for residues that are within 292 the AB loop and other binding surfaces (L80δ 2 and L86δ 2 ) and also at the core of the 293 structure (L133δ 2 and I137δ 1 ), suggesting that the same sites that participate in the 294 formation of the excited state also undergo structural changes upon formation of the mIL-295 2 tertiary complexes. 296 297 Our NOE-based analysis has shown that the backbone conformation of the AB loop in 298 the major, "closed" state of mIL-2 is inconsistent with the JES6-1-bound structure. Close 299 inspection of the structure reveals that, in the JES6-1 complex, the AB loop instead 300 participates in a network of C-capping interactions with the A helix ( Fig. 3a,d) . 301
Specifically, the sidechain guanidino group of R52 forms multiple hydrogen bonds with 302 the backbone carbonyl oxygens of M42, Y45 located at the C-terminal end of A helix, 303 and with R46, L48 at the N-terminal part of the AB loop (Fig. 3b,c) . Conversely, in the 304 free structure of the homologous human IL-2 (1M47 -termed "uncapped" state), the R52 305 sidechain is solvent-exposed, and M53 is buried at the hydrophobic interface between the 306 A and B α-helices. The "closed/uncapped" conformation is optimal for interactions with 307 co-receptors, as exemplified by the IL-2Rα complex where R52 forms a salt bridge with 308 a conserved aspartic acid on the receptor surface (PDB 2B5I). JES6-1 binding therefore 309 induces a transition from a "closed" to "open" AB loop conformation, which exposes the 310 hydrophobic sidechains of L50, M53 and L54 towards the surface of the molecule, while 311 the sidechain of R52 becomes buried. In this "capped" state, the loss of hydrophobic 312 packing contacts is compensated by the formation of multiple C-capping hydrogen bonds 313 with the A helix, and the backbone of the loop itself ( Fig. 3a,c) . 314 
338
According to our NOE-based analysis, the placement of M53 at the hydrophobic 339 interface between the AB loop and the core of the structure promotes the "closed" loop 340 conformation, which is the major solution state. We sought to determine whether the "open" state conformation, we used the mutant R52A which eliminates all C-capping 346 interactions ( Fig. 3c and Extended Data Fig. 5 ) and compared the resulting CPMG 347 relaxation dispersion and CEST data performed under identical conditions to our 348 established results for the WT. Remarkably, Ala mutation of R52 suppressed the CPMG 349 relaxation dispersion profiles of all methyl probes that were undergoing conformational 350 exchange in the WT form (Fig 3e,f and Extended Data Fig. 3b ). Data fitting showed 351 that, in the R52A mutant, the exchange process was 2-fold faster relative to the WT with 352 a k ex of 2,692 ± 80 s -1 and had a 3-fold reduced excited state population of 2.0 ± 0.1%. 353
Consistently, in CEST profiles recorded using the R52A mutant the second dip was 354 barely observed (I101δ 1 ) or notably absent (L70δ 2, I143δ 1 , L133δ 1 , L133δ 2 ) ( Fig. 3e,f  355 and Extended Data Fig. 4) , indicating that the population of the excited state ("closed" 356 state) was below the detection limits of the experiment. The R52A mutation quenched µs-357 ms relaxation not only at the sidechain methyl but also the backbone amide groups, 358 alleviating resonance broadening and leading to a significant improvement in the quality 359 of the 1 H-15 N TROSY spectrum (Extended Data Fig. 5a ). These observations imply that 360 while at least two conformational exchange processes are at play on the µs-ms time scale 361 (AB loop switching and a transient twisting or ''breathing'' of the α-helices), the 362 conserved C-capping sequence motif at the AB loop is critical for the formation of the 363 excited state, which is directly coupled to changes at the core of the structure. 364
365
To determine how destabilization of the excited state affects mIL-2 binding to JES6-1, 366 we used isothermal titration calorimetry (ITC) and measured the binding free energy 367 (ΔG), and its enthalpic (ΔH) and entropic (-T*ΔS) components both for WT and R52A 368 mIL-2 ( Fig. 3g,h) . Consistently with previous SPR measurements 10 and our observation 369 of a tight complex in slow-exchange by NMR, WT mIL-2 binds JES6-1 with a high 370 affinity of 2 nM. The interaction is largely entropy-driven, with a positive net enthalpy 371 change of 12.7 kcal mol -1 and a favorable entropic contribution of -24.3 kcal mol -1 at 293 372 K (Fig. 3h, Extended Table 3) . Notably, R52A binds to JES6-1 with 3 orders of 373 magnitude lower affinity than WT mIL-2, due to less favorable binding entropy ( Fig.  374   3g,h) . The weaker association cannot be due to a loss of interface contacts or buried 375 surface area, given that R52 does not participate in direct interactions with JES6-1 in the 376 X-ray structure of the complex (Fig. 3a) To determine the functional activity of the R52A mutant, we probed JES6-1 antibody 381 effects on mIL-2-induced signaling in IL-2Rα + subpopulations of mouse CTLL-2 cells as 382 a surrogate for its effects on IL-2Rα hi immune cell subsets (Fig. 3h) . Consistent with our 383 NMR and ITC results, JES6-1 showed a 5-fold reduced WT mIL-2-mediated STAT5 384 activation. However, STAT5 signaling potency by R52A was independent of JES6-1, as 385 demonstrated by the comparable EC 50 values, suggesting that the weaker affinity to 386 JES6-1 was primarily responsible for the behavior of the R52A mutant ( Fig. 3g) . 387
388
Allosteric communication in mIL-2 through a remodeling of sidechain rotamers 389
Our methyl-based NMR probes revealed a global response of the mIL-2 structure upon 390 binding to JES6-1, alongside the crystallographically observed conformational changes of 391 the AB loop ( Fig. 1c, d) . Consistently, our NMR relaxation measurements suggest a 392 coupling of dynamic motions between the loop and core methyls. We sought to identify a 393 plausible mechanism linking AB loop movement to changes in core sidechain packing 394 during transitions between "closed/uncapped" and "open/capped" conformations. To 395 enumerate all possible sidechain rotamers that can be adopted by each residue, we 396 performed a global analysis of compatible rotamer pairs using a satisfiability-based 397 approach in Rosetta (see Methods, Extended Data Fig. 7) and mapped our results on the 398 free and JES6-1-bound mIL-2 structures (Fig. 4, Extended Data Fig. 8 ). Using the 399 backbone conformations of the "open" and "closed" states as inputs, our analysis 400 highlights differences in rotamer sets that can be accessed by the free (closed) and JES6-1 401 bound (open) states. We identified a large set of residues (L28, L39, M42, L48, M53,  402 F58, F132, L133, W136 and F139) ( Fig. 4a, b 
) spanning the AB loop, A Helix and D 403
Helix, and part of the hydrophobic core. For these residues the space of rotamers was 404 significantly different between the closed and open states, indicating a plausible 405 remodeling of packing interactions. Specifically, a 10-residue segment (V129-F139) 406
forming the hydrophobic face of the amphipathic D helix exhibits expansions and 407 contractions in allowed rotamer sets as IL-2 transitions between the two states (Extended 408 Data Fig. 7) . A concerted motion of the D helix upon binding of IL-2Rα has been 409 highlighted as having a functional role in the formation of the high-affinity heterotrimeric 410 signaling complex (Wang et al., 2005) . These results are consistent with our observed 411 NMR chemical shift mapping of the IL-2Rα and Ab-bound states (Fig. 1c, d) suggesting 412 that the conformational transition between the free and complexed states can lead to a 413 redistribution of the rotameric states at the hydrophobic core, albeit limited by known 414 ambiguities in interpreting methyl chemical shifts. A plausible allosteric communication 415 network starts at the AB loop on one end of the structure, traverses through the inner core 416 of mIL-2 and ends at the N-terminus of the A and D helices adjacent to the binding site of 417 the IL-2Rβ receptor (Fig. 4c) . The hydrophobic core residues exhibiting differences in 418 rotamer sets also include sites with significant R ex values in our NMR CPMG data, 419
indicating the presence of dynamics at the µs-ms timescale (Fig. 4c, orange circles) . 420
Taken together, our results highlight a plausible allosteric communication network in the 421 IL-2 structure mediated via sequential remodeling of sidechain packing interactions. 422 We hypothesized that a small molecule binding preferentially to the closed AB loop 442 conformation would impact the dynamic landscape of mIL-2 in a similar manner. We 443 used a known compound targeting hIL-2 (Ro 26-4550), to compete with IL-2Rα 444 binding 7,33 . The co-crystal structure (PDB 1M48) shows that Ro 26-4550 is nestled in a 445 hydrophobic pocket at the interface between the AB loop and B helix, with the hIL-2 446 sidechains of M39, V69, and L72 (mIL-2 residues M53, V83 and L86) packing against 447 the terminal aromatic ring 7 . We performed an NMR titration of increasing molar ratios of 448 Ro 26-4550 on ILV-methyl labeled WT mIL-2 using 1 H-13 C HMQC spectra as a readout 449 ( Fig. 5a) . Under our NMR conditions, we observed the formation of a moderate-affinity 450 (µM range K d ) complex in fast exchange with the free mIL-2 form, where residues in 451 close proximity to the AB loop (L48δ 1 , L54δ 1 and L60δ 1 ) experience the largest effects 452 (Extended Data Fig. 6) . However, CSPs extend beyond the AB loop, to sites in the 453 hydrophobic core (L80δ 1 , V129γ 2 , V130γ 2 , L133δ 2 and I137δ 1 ) at distances >12 Å from 454 the inhibitor binding site in the co-crystal structure (Fig. 5c) . A quantitative NMR line 455 shape analysis of the resonances of V129γ 2 and L133δ 2 yielded an equilibrium 456 dissociation constant of 39.4 ± 5.5 µM (Fig. 5b) data recorded for the free form (Fig. 5d) The unique conformational plasticity of IL-2 appears to play an important role in 490 targeting the IL-2 receptor signaling axis in both agonist and antagonist mode. However, 491 this plasticity also presents an opportunity to target or otherwise manipulate the 492 conformational landscape of IL-2 for drug discovery, but more detailed insights are 493 needed for actionable value. Evidence for a functional role of such conformational 494 plasticity was provided in previous studies focusing on both human and mouse IL-2 495 model system. These studies employed small molecule binding 6-7 , antibody 496 engineering 9,12 or directed mutagenesis 8 to induce minor perturbations in the cytokine's 497 core α-helical fold, leading to distinct immunomodulatory functions. Specifically, 498 elucidating a link between specific allosteric effects on the IL-2 structure, induced by the 499 JES6-1 and S4B6 antibodies, with the targeting of opposing immune cells types 500 expressing different levels of receptor subunits in vivo has provided a solid foundation for 501 immune modulation through the stabilization of different IL-2 conformational states. 502
Conversely, the high-throughput screening of hIL-2 libraries in yeast led to the 503 identification of a variant, termed "super-2", comprising a helix that is locked in a 504 conformation which is primed for interactions with the IL-2Rβ subunit, thereby leading 505 to preferential expansion of cells lacking IL-2Rα 8 . These results were leveraged to 506 discover a human T reg -based Ab, akin to JES6-1, of significant therapeutic potential 11 . 507 Thus, given the sequence and structure conservation of the IL-2 fold across species, the 508 results established for the mouse IL-2 paradigm directly relate to human IL-2, whose use 509 as a multi-faceted protein therapeutic (Proleukin) has been hampered by an incomplete 510
understanding of its precise functional properties. Therefore, a detailed characterization 511 of the relevant conformational states and their dynamic interconversion process in 512 solution would provide a roadmap for drugging IL-2, through a range of approaches. 513 514 Our methyl-based NMR measurements from two complementary methodologies, CPMG 515 and CEST, provide strong support that free mIL-2 is highly dynamic at the µs-ms 516 timescale and samples an excited state via a concerted conformational transition of the 517 AB loop and core of the structure. Functionally relevant excited states have been 518 previously described for a range of protein and nucleic acid systems 27 , and are typically 519 separated by relatively low energy barriers from the ground state. The inherent plasticity 520 of the AB loop and allosteric crosstalk with the hydrophobic core suggested an avenue 521 for biasing the conformational equilibrium by perturbing key features present in the 522 excited state conformation. Based on our analysis of crystallographically observed 523 snapshots of IL-2, we hypothesized that the excited state might share similar features 524 with the JES6-1 antibody-bound structure with respect to a stabilizing C-capping motif, 525 and tested this hypothesis through a detailed dynamic, binding and functional 526 characterization of a designed Ala mutant. In fact, our data demonstrate that the structural 527 basis for such functional complexity may be surprisingly simple: the global dynamic 528 motions of mIL-2 are induced by a conserved C-capping hydrogen-bond network, and 529 can be switched on and off by a single point mutation (Fig. 3) . Taken together, out results 530
show that the IL-2 energy landscape is highly malleable, and establish a paradigm for 531 controlling IL-2 cytokine activity though designed changes in protein dynamics. 532
Analysis of our NMR, ITC and functional data in the context of the available IL-2 co-533 crystal structures suggests a general scheme for molecular recognition between IL-2 and 534 its binding partners (Fig. 6) . According to this model, free mIL-2 exists in a pre-535 equilibrium between closed (major form, 94%) and open conformations (minor form, 536 6%), with the AB loop and the hydrophobic core engaged in a cooperative motion on the 537 µs-ms timescale. In the closed/uncapped (productive) state, the AB loop is in a 538 conformation that is primed to interact with the IL2-Rα receptor. Formation of a C-539 capping hydrogen network locks the AB loop in an open (autoinhibited) state, in which 540 the loop adopts a conformation that is optimal for interactions with the JES6-1 antibody 541 ( Fig. 6 left) . Disruption of the C-capping hydrogen bond network by mutation or small 542 molecule binding shifts the equilibrium towards the closed state, leading to a reduction in 543 Ab binding by 3 orders of magnitude ( Fig. 6 right) platform for additional mutations that inhibit binding to γc receptor, and consequently 562 heterodimerization of IL-2Rβ and γc, thereby acting as a potent antagonist 13 . Conversely, 563
to bypass allosteric effects present in the IL-2 fold, a de novo design approach was used 564 to generate a mimetic of IL-2/IL-15 showing a new α-helical fold with a well-packed 565 hydrophobic core, denoted Neoleukin-2/15 (Neo-2/15) 16 . This synthetic molecule retains 566 the binding surfaces for the IL-2Rβ/γc receptors while also alleviating the requirement of 567 IL-2Rα/IL-15Rα for formation of a productive signaling complex. Neo-2/15 exhibited 568 enhanced anti-tumor activity in mouse models, was more stable, and lacked detectable 569 immunogenicity 16 . These studies highlight the potential for modulating IL-2 function 570 through different design approaches, showing varying levels of responsiveness to 571 regulatory molecules and conditions at the vicinity of the membrane signaling complex. 572 
582
In summary, our results highlight the role of conformational plasticity at conserved 583 features of the IL-2 fold, acting locally and allosterically to form an "excited" state with 584 discrete functional properties. Our NMR-based characterization offers a window to 585 access otherwise hidden states of the energy landscape that can be then exploited to fine-586 tune the affinity and selectivity for different IL-2 binding partners towards engineering 587 novel cytokine functions. For example, our established allosteric coupling between the 588 receptor binding sites to the hydrophobic core of the structure presents an opportunity to 589 alter IL-2 function through the introduction of core mutations and induction of allosteric 590 effects without directly affecting the receptor/Ab binding surfaces. Given that the IL-2 591 fold presents a limited surface area with overlapping binding epitopes, our findings have 592 important practical utility from an engineering and synthetic biology perspective. 593 594 Methyl single-quantum 13 the spectra collected at T relax = 20 ms, I 0 is signal intensity in the reference spectrum 734 recorded at T relax = 0. An interscan delay of 1.5 s was used with 24, 32 or 36 scans/FID, 735
giving rise to net acquisition times between 40-58 h for a complete pseudo-3D data set. 736
All data were processed using NMRpipe 39 and peak intensities were picked using 737 CCPN 40 . The error was determined from the noise level of the spectra. The variation in 738 R 2,eff with ν CPMG was fit to a two-state model of chemical exchange based on the Bloch-739
McConnell equations, to extract values of exchange parameters (p B , k ex =k AB +k BA ), as well 740
as 13 C chemical shift differences for nuclei interconverting between pairs of states. The 741 software CATIA 43 was used to fit the data. Initially, global fits included 6 profiles for 742
WT mIL-2 at two magnetic fields (L54δ1, L80δ2, V83γ1, L84δ1, I101δ1, L133δ1). The 743
fitting was performed by minimizing the function χ 2 as previously described 44 Experiments were processed using NMRpipe 39 and CEST profiles were generated as the 763 ratio in intensities of peaks in spectra acquired with and without the T CEST period vs the 764 position of the low power B 1 field. Uncertainties in I/I 0 were determined from the scatter 765 in the baseline of CEST profiles where no intensity dips are present (typically, n > 30). 766
Weak B 1 fields applied during T relax were calibrated according to the procedure 46 . The  767  CEST  profiles  were  analyzed  using  the  program  Chemex  768 (https://github.com/gbouvignies/chemex), which numerically propagates the Bloch-769
McConnell equation as described 47 . Initially, data sets were analyzed simultaneously and 770 all residues were included in the analysis, including those for which well-resolved excited 771 state dips were not obtained. For the two-site exchange model, only residues that showed 772 distinct major and minor dips or asymmetry were fit globally (nine residues) including 773 the initial k ex and p b , and residue-specific Δω values. As a third step, we fixed the global 774 exchange parameters (k ex and p b ) and re-fitted all residues. 775
Sidechain rotamer space analysis in mIL-2 776
We analyzed sidechain rotamer space of buried residues of mIL-2 using a customized 777 software tool (manuscript in preparation) (Extended Data Fig. 7a ). This software takes 778 as input, a protein structure and then explores the sidechain rotamer space of the residues 779 of interest. Before examining the space of rotamers, sidechains of the input structure are 780 removed. Every sidechain rotamer of a residue obtained from a backbone dependent 781 rotamer library is plugged in to check for a steric clash with its or its neighbors' 782 backbones. All the rotamers that result in clashes with backbone are eliminated. Next, 783
rotamers of neighboring residues are considered in pairs; clashing rotamer pairs are 784 retained as constraints for subsequent step. The information about independent and 785 pairwise rotamers is utilized towards an exhaustive global check phase that eliminates all 786 the rotamers that are incompatible in all the valid combination of rotamers in a structure 787 (Extended Data Fig. 7b-d) . Finally, the reduced rotamer set for each residue is 788 constructed and output by the tool. 789 790
Isothermal titration calorimetry 791
Titrations of WT and R52A mIL-2 (40 or 96 µM) into JES6-1 (4 or 9.6 μM) were 792 performed at 20 °C, using a MicroCal VP-ITC instrument. To minimize enthalpy of 793 solvation effects, all experiments were performed in phosphate buffer. All protein 794 samples were extensively dialyzed against ITC buffer (20 mM sodium phosphate, pH 7.2, 795 150 mM NaCl). All solutions were filtered using membrane filters (pore size, 0.22 μm) 796
and thoroughly degassed for 20 min before the titrations. Typically, two injections of 2 797 μL were followed by 26 injections of 10 μL until a molar ratio of 2.0-3.0 was obtained. 798
The dilution heats are typically small and were subtracted from the calorimetric data. 799
Integration of the thermogram and subtraction of the blanks yielded a binding isotherm 800
that was fitted to a one-site binding model using the MicroCal Origin 7.0 software 801 (OriginLab Corporation) to determine the stoichiometric ratios, the dissociation constants 802 and the changes in enthalpy. 803
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